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The present work explores the possibility of formulating an oral coenzyme Q10 (CoQ10) 
delivery system by using the currently accepted microemulsion technique and the novel 
supercritical fluid technology for solid lipid nanoparticle (SLN) preparation.  
 
Four different formulations (F1 – F4) were investigated for SLN dispersions and o/w 
microemulsions by using the microemulsion technique. SLN dispersions were 
characterized by particle size, particle size distribution, stability under storage. Results 
indicate that for formulations F2 and F3 more than 50% of the particles are below 200 nm. 
The formulation of SLN dispersion from F3 consists of tripalmitin, CoQ10, Tween®20, 
ethanol, span 20, while the formulation of microemulsion F2 consists of tripalmitin, CoQ10, 
Tween®80, lecithin, poloxamer F68. The mean particle size measured by laser 
diffractometry (LD) for the SLN dispersions from F3 is 170±10 nm with a narrow particle 
distribution of polydispersity index, 0.145±0.015, while the mean particle size measured by 
LD for the SLN dispersions from F2 is 155±15 nm with a narrow particle distribution of 
polydispersity index, 0.24±0.07. The stability of the prepared microemulsions remains 
unchanged, however, the prepared SLN suspensions at room temperature shows obvious 
instability after 14 days or 30 days storage. The microemulsion technique could prepare 
high quality SLNs loading lipophilic drugs; it is simple, available method to produce SLNs, 
while limited by the applied ultrasonic homogenizer with large amount of water. 
 
 
PGSS (Particles from gas-saturated solutions) technology with carbon dioxide (CO2) was 
used to produce solid lipid particles of CoQ10. The microemulsion with the best formulation 
F2 was used in this study. The effects of pre-expansion pressure (10 to 25 MPa), flow rate 
of the microemulsion (0.1 to 0.5 ml min-1), and different collection units (50 mg ml-1 PEG 
6000 solution at room temperature (25 ± 2°C), liquid nitrogen, cold 50 mg ml-1 PEG 6000 
solution (0 ± 2°C), and air) at fixed nozzle size (100 μm) and pre-expansion temperature 
(75°C, the same temperature for preparing microemulsions) on the particle size and particle 
size distributions were investigated. Results evidence that both nanoparticles (SLNs) and 
microparticles are produced at different pre-expansion pressures, flow rates and with 















in the produced particles are: high pre-expansion pressure of 15 MPa, microemulsion flow 
rate of 0.1 ml min-1, collection of particles in cold PEG 6000 solution. Although 
microparticles and SLN were produced by the PGSS technique, the SLNs are less than 
400nm (mean size less than 200nm), while the microparticles are larger than 2000nm 
(mean size about 10000 nm or 10 μm). This clearly shows that the produced SLNs are 
expected to be separated easily by using traditional separation techniques. The proposed 
PGSS technique can continuously and conveniently manufacture SLNs from treating 
microemulsion without additional use of water with a high productivity. But the drawback is 
that the microemulsion cannot be transformed totally into SLNs directly.  
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PGSS）制备辅酶 Q10 固体脂质纳米粒（SLN）的可行性。 
本研究首先优化了四种不同的微乳配方。其中配方 F2 和 F3所得到颗粒均有 50%以上
粒径小于 200 nm。配方 F2 得到的固体纳米脂颗粒分散效果好，它由三棕榈酸甘油酯，辅酶
Q10，吐温 20，乙醇，司盘 20 组成。配方 F3最容易形成微乳，它由三棕榈酸甘油酯，辅酶
Q10，吐温 80，软磷脂，泊洛沙姆 F68 组成。由激光粒度仪测得配方 F3 所得的固体纳米脂
颗粒粒径为 170±10  nm，粒径分布窄，多分散指标为 0.145±0.015。配方 F2 所得的固体纳
米脂颗粒粒径 155±15 nm，粒径分布窄，多分散指标为 0.24±0.07。实验稳定性研究表明，
对微乳保持 14 天，仍然能很好分散得到固体纳米脂；对分散得到的固体纳米脂微乳保持 14
－30 天，固体纳米脂表现出不稳定现象，粒径变化大。研究可知，通过优化条件，该微乳技
术可以用于制备高质量的负载亲脂性药物的 SLN。采用该方法制备 SLN 简单、可行，但实
验室一次制备量少，且对微乳分散需要大量水。 
考虑到微乳液法上述问题，采用超临界 CO2，应用气体饱和溶液微粒形成技术(PGSS)
技术处理前述制备的辅酶 Q10 微乳液（配方 F2得到）。在固体喷嘴大小（100 μm）、预膨
胀温度（75°C，同微乳制备温度）的条件下，研究预膨胀压力（10 － 25 MPa），微乳液流
速（0.1 － 0.5 ml min-1）和颗粒收集方法（室温下 50 mg ml-1 PEG 6000 溶液，液氮，
0±2°C 的 50 mg ml-1 PEG 6000 冷溶液，空气）对得到的颗粒的影响。研究表明，在所有的
研究条件下，得到的颗粒均包含了纳米颗粒（固体纳米脂）和微米颗粒。得到固体纳米脂含
量最高（50%）的条件是：预膨胀压力 15 MPa, 微乳液流速 0.1 ml min-1 和用空气收集。虽
然制备的颗粒混合了微、纳米级别，但两个级别的粒径相差比较大（固体纳米脂粒径小于






















GRAS   generally recognized as safe 
LD   laser diffractometry 
O/W   oil in water 
PI   polydispersity index 
PSD   particle size distribution 
PCS   photon correlation spectroscopy 
CoQ10  coenzyme Q10  
SLN   solid lipid nanoparticles 
MW   molecular weight 
M.P   melting point 
HPH   high-pressure homogenization 
SEM   scanning electron microscope 
HLB   hydrophilic-lipophilic balance 
R & D   research and development 
h   hour 
min   minute 
ml   milliliter 
et al   et alii (and others) 
PEG   polyethylene glycol 
SCF   supercritical fluid 
PGSS   particles from gas saturated solutions 























LIST OF TABLES 
              Page 
1.1 Lipids and surfactants used in solid lipid nanoparticle production …………………4 
1.2 Compositions of the different formulations (F#) …………………………………….12 
1.3. Particle size data (LD), different ultrasonic homogenizer power and  
polydispersity index (PI) of the investigated SLN formulations…………………….19 
1.4. Particle size data (LD) and Polydispersity index (PI) of the Nanosuspensions b…23 
1.5. Particle size data (LD) and Polydispersity index (PI) of the Nanosuspensions c…24 



























LIST OF FIGURES 
               Page 
1.1:  Chemical structure of CoQ10 …………………………………………………………...1 
1.2:  SEM picture of solid lipid nanoparticles made from compritol stabilized with 
Poloxamer 188 ……………………………………………………………………………3 
1.3:  Schematic procedures for hot homogenization and microemulsion for SLN 
production ………………………………………………………………………………… 5 
1.4:  Schematic representation of CoQ10 SLN……………………………………………... 6 
1.5:     Chemical structure of tripalmitin ………………………………………………………. 7 
1.6:  Chemical structure of Tween 80…………………………………………………………8 
1.7:  Chemical structure of Tween 20………………………………………………………. 9 
1.8:  Chemical structure of span 20………………………………………………………….. 9 
1.9:  Chemical structure of mannitol………………………………………………………….10 
1.10:  Chemical structure of poloxamer F68…………………………………………………..11 
1.11:  Chemical structure of Lecithin …………………………………………………………..11 
1.12:  SEM picture of SLN made from F2……………………………………………………... 15 
1.13:  SEM picture of SLN made from F3………………………………………………………16 
1.14:  PSD of SLN from F1 using a 550W power to disperse the microemulsion………… 17 
1.15:  PSD of SLN from F4 using 550W power to disperse the microemulsion…………… 17 
1.16:  PSD of SLN from F2 using different powers to disperse the microemulsion………..18 
1.17:  PSD of SLN from F3 using different powers to disperse the microemulsion………..18 
1.18: PSDs of F2 and F3 after 14 days storage of the SLNs at room temperature………..23 
1.19:  PSDs of F2 and F3 after 30 days storage of SLNs at room temperature…………….23 
2.1:   Schematic diagram of apparatus used for the PGSS experiment…………………...35 
2.2:  Particle size distributions of SLN produced at different pre-expansion pressures... 38 
2.3:  Influence of the pre-expansion pressure on percentage of SLN produced………... 38 
2.4:     Particle size distributions at different flow rates………………………………………. 39 
2.5:  Influence of the flow rate on percentage of SLN produced………………………….. 40 
2.6:  Particle size distributions with different collection units ………………………………41 
2.7:  Influence of the collection unit on percentage of SLN produced …………………… 41 
 














TABLE OF CONTENTS 
     Page 
Acknowledgments………………………………………………………………………………....ii 
Abstract (in English)……………………………………………………………………… …….. iii 
Abstract (in Chinese)……………………………………………………………………… …… v 
Abbreviations …………………………………………………………………………………….. vi 
List of Tables..…………………………………………………………………………… …….... vii 
List of Figures.……………………………………………………………………....................... viii 
 
Chapter 1: Preparation of solid lipid nanoparticles by microemulsion technique………. 1  
1.1: Introduction ………………………………………………………………………. 1 
1.2: Materials …………………………………………………………………………...6 
1.1.1 Coenzyme Q10 ………………………………………………………….. 7 
1.1.2 Solid lipid …………………………………………………………………..7 
1.2.2.1  Tripalmitin ………………………………………………………..7 
1.1.3 Emulsifying agents ………………………………………………………. 8 
1.2.3.1  Tween®80 ………………………………………………………. 8  
1.2.3.2  Tween®20 ………………………………………………………. 9 
1.2.3.3  Span 20 …………………………………………………………. 9 
1.2.3.4  Mannitol ………………………………………………………….10 
1.2.3.5  Polyethylene glycol (PEG) 400 ………………………………..10 
1.2.3.6  Polyethylene glycol (PEG) 600 ………………………………..10 
1.2.3.7  Poloxamer F68 ………………………………………………….10 
1.2.3.8  Lecithin from egg yolk …………………………………………. 11 
1.1.4 Water ……………………………………………………………………… 12 
1.3: Experimental………………………………………………………………………12 
1.3.1 Production of microemulsions………………………………………… 12 
1.3.2   Preparation of solid lipid nanoparticles(SLNs) ……………………….. 13 
1.3.3 Analysis methods …………………………………………………………13 
1.4:   Results and discussion ……………………………………………………………15 
1.4.1  Microemulsion and SLN morphology…………………………………… 15 














1.4.2   Particle size and size distribution ……………………………………….16 
  1.4.3 Effect of storage of SLN suspension ……………………………………21 
  1.4.4 Effect of lipids and surfactants …………………………………………..24 
1.4.4  Particle size, saturation solubility and dissolution velocity……………. 27 
 1.5:  Conclusions ………………………………………………………………………. 30 
 
Chapter 2: Preparation of SLN by Particles formation from Gas Saturated  
Solutions (PGSS) ………………………………………………………………... 31 
 2.1: Introduction ………………………………………………………………………..31 
 2.2: Materials ………………………………………………………………………….. 34 
  2.2.1: Carbon dioxide ……………………………………………………………34 
  2.2.2: Polyethylene glycol (PEG) 6000 ……………………………………….. 34 
  2.2.3: Liquid nitrogen …………………………………………………………….34 
 2.3:   Experimental ………………………………………………………………………35 
2.3.1 The setup and procedure ………………………………………………. 35 
  2.3.2 Analysis methods ……………………………………………………….. 36 
 2.4: Results and discussion …………………………………………………………..36 
  2.4.1 Influence of the pre-expansion pressure ……………………………… 37 
2.4.2 Influence of the flow rate of microemulsion ……………………………39 
2.4.3 Influence of the collection unit …………………………………………. 40 




















 Chapter 1: Preparation of solid lipid nanoparticles by microemulsion technique 
CHAPTER 1 
 





Coenzyme Q10 (CoQ10) also known as ubidecarenone is a lipid soluble compound that 
inhabits the inside of the inner mitochondrial membrane, where it functions as an integral 
part of electron transport of oxidative phosphorylation. It is essential for production of 
cellular energy in the form of ATP [1]. CoQ10, a yellow or orange colored crystalline 
powder with a melting point of about 48ºC, is practically insoluble in water due to its 
lipophilicity and poorly absorbed from gastrointestinal tract. It has a relatively high 
molecular weight (MW = 863). The slow absorption of CoQ10 (tmax: 5 -10h) from the 
gastrointestinal tract is attributed to its high molecular weight and poor water solubility, 
thereby presenting a challenge in the development of a formulation for oral administration 
[2]. It is recommended as an antioxidant and also in the treatment of various 
cardiovascular disorders such as angina pectoris, hypertension, and congestive heart 
failure [2]. In recent years, the use of CoQ10 as a nutritional supplement has attracted 
much attention and most of the previous studies have focused exclusively on the 
improvement of oral bioavailability. CoQ10 has GRAS (generally regarded as safe) status 
and is widely used in food supplements and cosmetics [3]. The chemical structure of 





















 Chapter 1: Introduction 
Many different approaches for formulating CoQ10 have been reported. Oil based 
or powder filled capsules and tablet formulations (chewable and non-chewable) are 
currently available on the market as nutritional supplements [4, 5]. However, the oral 
bioavailability of these formulations differs widely [6, 7]. Other reported formulation 
strategies include a solubilized system with soy lecithin [8], a micellar solution of CoQ10 
with polyoxyethylene (60) hydrogenated castor oil [9], lipid microspheres prepared as a 
soyabean oil emulsified with yolk phospholipids [10], a redispersible dry emulsion [11], 
the complexation of CoQ10 with cyclodextrins [12, 13], self-emulsifying drug delivery 
systems [4, 14], a solubilized form of CoQ10 in a blend of polysorbate 80 and medium 
chain triglycerides [7], eutectic based semisolid self-nanoemulsified drug delivery system 
[15], binary solid dispersion with poloxamer 188 [16], and recently CoQ10 emulsified with 
fats and emulsifiers commonly used in the food industry [17]. These delivery systems 
have been shown to enhance oral bioavailability and therapeutic effects of poorly water-
soluble CoQ10 mainly by improving the poor solubility. However, there continues to be a 
need to develop improved formulations for the oral delivery of CoQ10. 
A drug’s therapeutic efficacy depends on four fundamental pathways of drug 
transport and modification within the body: absorption into the plasma from the 
administration site; distribution between the plasma and tissues, metabolism within the 
tissues; and elimination from the body. Absorption rate depends on many factors such as 
hydrophobicity, chemical environment, particle size, crystallinity, blood flow, absorptive 
surface area, and residence time at absorptive surface. Drug distribution largely depends 
on blood flow, capillary permeability such as in the blood-brain barrier, ligand binding, and 
hydrophobicity. Drug metabolism and elimination primarily depend on the aforementioned 
properties [18]. The drug delivery system can greatly impact each pathway, and, 
therefore, the delivery system is a critical design component in pharmaceutical sciences.  
Recently, solid lipid nanoparticles (SLNs) have been actively explored as a 
delivery system for both small drug molecules and macromolecules. It has been shown 
that SLNs can improve the oral bioavailability of drugs with poor absorption 
characteristics [19-22]. SLN introduced in 1991 represents an alternative carrier system 
to traditional colloidal carriers, such as emulsions, liposomes and polymeric micro- and 
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groups of Müller, Gasco, and Westesen. Afterwards, a growing interest from many other 
research groups worldwide has been given to these carrier systems. SLNs are particles 
made from solid lipids (i.e., lipids solid at room temperature and also at body temperature) 
and stabilized by surfactant(s). SLNs typically are spherical with a mean photon 
correlation spectroscopy (PCS) diameter between approximately 50 and 1000 nm [21]. 




Fig. 1.2: SEM picture of solid lipid nanoparticles made from compritol stabilized with 
Poloxamer 188 [21].  
 
 
In the pharmaceutical field, several advantages of drug delivery systems with 
nanosize range have been shown including increasing solubility, enhancing dissolution 
rate and improving bioavailability [19, 21]. SLNs can be prepared using different kinds of 
materials, for example, biodegradable and biocompatible polymers, phospholipids, 
surfactants and lipids [21, 22]. Table 1.1 identifies the types of lipids and surfactants 
reported in solid lipid nanoparticle formulations. Several advantages of nanoparticles 
prepared from lipid materials have been demonstrated including biocompatibility, drug 
targeting, modified release, lack of organic solvent during the production process and 














 Chapter 1: Introduction  
Table 1.1 
Lipids and surfactants used in solid lipid nanoparticle production [22] 
  
Lipids                                                             Surfactants 
 
Triacylglycerols                  Phospholipids 
     Tricaprin                       Soy lecithin 
     Trilaurin                              Egg lecithin 
     Trimyristin                    Phosphatidylcholine 
     Tripalmitin                             Ethylene oxide/propylene oxide copolymers 
     Tristearin                                  Poloxamer 188 
 Acylglycerols                               Poloxamer 182 
     Glycerol monostearate               Poloxamer 407 
     Glycerol behenate                    Poloxamine 908 
     Glycerol palmitostearate          Sorbitan ethylene oxide/propylene oxide copolymers 
Fatty acids                     Polysorbate 20 
      Stearic acid                Polysorbate 60 
      Palmitic acid             Polysorbate 80 
      Decanoic acid            Alkylaryl polyether alcohol polymers 
      Behenic acid                     Tyloxapol 
 Waxes                                   Bile salts 
      Cetyl palmitate                Sodium cholate 
Cyclic complexes                   Sodium glycocholate 
      Cyclodextrin                          Sodium taurocholate 
      para-acyl-calix-arenes         Sodium taurodeoxycholate 
                 Alcohols 
                         Ethanol 
Butanol 
 
Currently, many techniques are available for SLN preparation. High pressure 
homogenization at elevated temperatures and microemulsion are among the most 
versatile techniques and for this reason have been largely employed for SLN preparation. 
Previous studies have mainly focused on the incorporation of CoQ10 in SLNs by the high-
pressure homogenization technique [23-26]. The group of Gasco has developed and 
optimized a suitable method for the preparation of SLN via microemulsions which has 
been adapted and/or modified by different labs. Firstly, a warm microemulsion is prepared 
by stirring, containing typically ≈ 10% molten solid lipid, 15% surfactant and up to 10% 
cosurfactant. This warm microemulsion is then dispersed under stirring in excess cold 
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